Amylase A from Dictyoglomus thermophilum is a thermophilic enzyme and has about 40% identity with 4--glucanotransferase (GTase) from Thermococcus litoralis, and both of these enzymes belong to family 57 glycosyl hydrolase. Since the transglycosylation activity of T. litoralis GTase has been well characterized, the substrate specificity and reaction products of amylase A from D. thermophilum were examined. -1,4 Glucan was produced from maltooligosaccharides, and glucoamylase-resistant molecules (cycloamyloses) were produced from longer chain amylose (average molecular mass 200 kDa). It has been reported that amylase A from D. thermophilum hydrolyzes starch, but in this study it was found that the enzyme was also able to use maltooligosaccharides and long chain amylose as substrate and has transglycosylation activity.
Starch is a resource existing in large quantities on Earth, and is used as an important industrial material. Moreover, processing by various enzymes is also popular, and the enzymes involved in starch processing are produced industrially in large quantities.
1) -Amylase, glucoamylase, and -amylase are in the glycoside hydrolase family and are used for production of maltose, glucose, and oligosaccharide or dextrin, respectively. Although glucoamylase and -amylase are used often now, glucanotransferases were seldom used compared with them. But now they are used often after the discovery of new glucanotransferases and the progress of technology in recent years.
The above-mentioned -amylase and glucoamylase produce -maltose and -glucose respectively, and the enzyme, which acts on the other -1,4-glucoside bond or -1,6-glucoside bond, produces an -anomer product. These enzymes are clearly distinguished as enzymes whose reaction mechanism is essentially different from -amylase and glucoamylase. Generally they catalyze either of four kinds of reactions: action on -1,4-glucoside or -1,6-glucoside bonds, and hydrolysis of them with a retaining anomer or formation of newglucoside bonds.
2) Conventionally, enzymes were classified strictly according to the reaction on which their catalyses were based, but it is known that cyclodextrin glucanotransferases exhibit hydrolysis activity, while some -amylases have glucanotransferase activity.
3)
Therefore a new -amylase family is advocated.
Apart from this, Henrissat 4) classified, by comparing amino acid sequences, all the glycosyl hydrolases more widely into 97 classes, since the IUB enzyme naming method that is based on reaction and substrate specificity does not reflect the primary or tertiary structure of enzymes. Consequently, the enzymes, which catalyze the above-mentioned reactions, were together classified into the same family (family 13). But some -amylases, including amylase A from Dictyoglomus thermophilum, 5) show no identity with other -amylases in amino acid sequences and were classified into a new family (family 57). 6) In recent years, the enzymes belonging to family 57 were found one after another among hyperthermophilic archaea such as Thermococcus litoralis,
7)
Thermococcus kodakaraensis, 8) and Pyrococcus furiosus.
8) Furthermore, the catalytic residue and tertiary structure of 4--glucanotransferase (GTase) from T. litoralis were discovered.
9) It became clear that the catalyst of the reactions of the -amylase family is roughly classified to family 13 and family 57.
According to the phylogenetic tree based on 16SrRNA, Dictyoglomus thermophilum is not archaea but eubacteria. We have reported that the family 57 enzyme from T. litoralis shows low amylase activity and is rather a 4--glucanotransferase, which catalyses the disproportionating reaction of maltooligosaccharide and produces cycloamylose from linear amylose. 7) Amylase A from D. thermophilum is a thermophilic enzyme and has 40% identity with GTase from T. litoralis. Although amylase A from D. thermophilum is named after its ability to hydrolyze starch, we have further investigated, in this paper, the transglycosidase activity of this enzyme. 
Materials and Methods
Materials. 3-Ketobutylide--2-chloro-4-nitrophenylmaltopentaoside (3KB-G5CNP) was kindly supplied by Toyobo. Amylose AS-200 (average molecular weight 200,000) was a kind gift from Ezaki Glico. ButylToyopearl was purchased from Tosoh. -Glucosidase from yeast, ''glucose-ARII'', ampicillin, and isopropyl--D-thiogalactopyranoside (IPTG) were purchased from Wako. -and -Glucosidases from almond was obtained from Oriental Yeast. The ingredient of a coli form-bacillus culture medium from Difco was used. Kanamycin sulfate was purchased from Nacalai Tesque. Glucoamylase was obtained from Toyobo. -Amylase was purchased from Nagase Biochemicals. The E. coli JM109 strain was used for expression of the recombinant enzyme. Plasmid pArgUW for expression of minor arginine tRNA 10) and plasmid pDT921 for expression of D. thermophilum amylase A gene 5) were prepared as described in the literature.
Gene expression and enzyme purification. E. coli JM109 cells harboring both pArgUW 10) and pDT921 were used for enzyme production. The cells were grown in three 200 ml LB media containing 50 g/ml ampicillin and 30 g/ml kanamycin at 37 C to A 660 of 1.0, induced with isopropyl--D-thiogalactopyranoside (IPTG), and further grown overnight at 26. 5 C, 30 C and 37
C. The cells were collected by centrifugation, washed, suspended in 20 mM sodium phosphate buffer, pH 6.8, containing 1 mM DTT, and disrupted by sonication. The cell lysate was centrifuged and the supernatant was treated at 70 C for 30 min and centrifuged. The resultant supernatant of the samples that were incubated at 26. 5 C and 30 C after IPTG induction was used for enzyme purification. This solution was mixed with an equal volume of 20 mM sodium phosphate, pH 6.8, containing 1.6 M ammonium sulfate, and absorbed on a Butyl-Toyopearl column equilibrated with 20 mM sodium phosphate, pH 6.8, containing 0.8 M ammonium sulfate. Proteins were eluted with 0.8 M-0 M linear gradient of ammonium sulfate in 20 mM sodium phosphate, pH 6.8. The active fraction was collected, dialyzed against 20 mM sodium phosphate, pH 6.8 at 4
C and concentrated by Centriplus. The purity of the enzyme was checked by 10% SDSpolyacrylamide gel electrophoresis. Protein was measured with the protein assay kit (Bio-rad) with bovine serum albumin as standard.
Activity on maltooligosaccharide. To 20 mM sodium phosphate buffer (30 l) containing one of the seven maltooligosaccharides (1%, from D-glucose to maltoheptaose), enzyme solution (5 l) was added and incubated at 80 C for 0, 4, or 18 h. Samples were put on ice in order to stop the reaction. An aliquot of the reaction mixture (6 l) was spotted on thin layer chromatography plates coated with silica gel (Kieselgel 60 F 254 ; Merck) and then developed twice by developer (1-butanol:ethanol:water = 5:5:3). Reaction products were detected by spraying a sulfuric acid (3%)-methanol solution and then heating the plates at 140 C for 5 min.
Activity on maltotriose. Twenty millimolar sodium phosphate buffer, pH 6.0, containing an enzyme solution of amylase or GTase (50 l) were added to 20 mM sodium phosphate buffer, pH 6.0, containing 1% maltotriose (300 l). These solutions were incubated at 80 C for 30 min. To the reaction mixture (60 l), 40 mM NaOH (60 l) was added in order to stop the reaction, and the mixture was left at room temperature for 10 min. These solutions were added to glucose assay mixtures (900 l) (5 ml of 5% phenol, 100 mg of 4-aminoantipilin, and 120 ml of 100 mM Tris-HCl, pH 7.0, added to a bottle of ''glucose-ARII'') and left at room temperature for 20 min. Activity was calculated by Abs 505 using the following equation: Activity on 3KB-G5CNP. 3-Ketobutylide--2-chloro-4-nitrophenyl-maltopentaoside (following 3KB-G5CNP) was used for assay of glucanotransferase activity and hydrolase activity. 11) Since the C4 and C6 hydroxyl groups of the non-reducing end of this substrate is modified, it cannot be an acceptor but is a donor of glucanotransferase activity. For this reason, the glucanotransferase reaction does not occur when this substrate is mixed with GTase, but when D-glucose is added as an acceptor, the glucanotransferase reaction occurs and then maltosyl CNP is produced. Maltosyl CNP that was not modified at the non-reducing end is hydrolysed by -glucosidases and CNP is released. Glucanotransferase and hydrolase activities were calculated by measuring absorbance at 400 nm of CNP. Glucanotransferase and hydrolase activity were measured according to the literature.
11) Twenty millimolar sodium phosphate buffer, pH 6.0, containing 5 mM 3KB-CNP, with or without 1 mM glucose, and amylase A or GTase (475 l) were reacted at 60 C. From the reaction mixture a 75 l aliquot was withdrawn and added to 0.2 M HCl (75 l) in order to stop the reaction, and the solution was left at room temperature for 10 min, and then 0.5 M disodium hydrogen phosphate (100 l) was added. -Glucosidase (0.45 U) and -glucosidase (0.3 U) in 20 mM sodium phosphate buffer, pH 6.0 (300 l) was added to this mixture and left at 37 C for 1 h. One molar sodium bicarbonate was added to the mixture in order to raise pH above 8.5. The amount of hydrolysed 3KB-G5CNP was calculated by measuring increasing absorbance at 400 nm derived from CNP. The transglycosylation activity of amylase A and GTase was calculated by the following equation:
, where A 400 /sec is the increase in absorbance of 400 nm for 1 s, V is the assay volume (ml), 16.8 is the mM extinction coefficient, [E] is the concentration of enzyme (mg/ml), and v is the picking up volume (ml) (in this case the assay volume was 0.475 ml).
At the subsequent enzyme reaction, amylase A or GTase was added so that the enzyme unit would become the same.
Activity on maltoheptaose. Maltoheptaose (1%) in 20 mM sodium phosphate buffer, pH 6.0 (150 l) was added to the enzyme solution (25 l) and incubated at 80 C for 2 or 4 h. One molar NaOH (17.5 l) was added to the reaction mixture in order to stop the reaction. Neutralizing solution (1 N HCl, 1 M sodium acetate, pH 5.5, 50 l) was added to this solution, then 50 mM sodium acetate, pH 6.0, containing glucoamylase (2.5 U) or -amylase (5 U) was added and incubated at 40
C for 18 h. The reaction mixture was boiled for 5 min and 6 l aliquot was spotted on thin layer chromatography (TLC) plates (Kieselgel 60 F 254 ; Merck). These plates were developed twice by solvent (1-butanol:ethanol:water = 5:5:3). Sulfuric acid (3%)-methanol solution was sprayed on the TLC plates. These plates were burned at 140 C for 5 min, and then reaction products were detected.
Activity on amylose AS-200. Amylose AS-200 (10%) in DMSO was diluted to 0.5% with water. AS-200 (0.22%) in 20 mM sodium phosphate, pH 6.0 was added to amylase A or GTase, and then the mixture was incubated at 80 C for 0, 0.25, 0.5, 1, 2, 4, 6, or 24 h. The reaction was stopped by adding 1 N NaOH (final concentration 0.1 N) and the blue value, reducing power, glucoamylase-resistant molecules, and products of this reaction mixture were determined by the following methods:
The blue value. Samples (5 l) were added to 400 l KI-I 2 reagent (0.1% KI, 0.01% I 2 , 0.00385 N HCl) and then absorbances at 660 nm were measured.
Reducing power. Samples (25 l) were added to 50 l color reagent (0.5% 3,5-dinitrosalicylic acid, 30% potassium sodium tartrate). This mixture was heated at 75 C for 5 min and then was cooled on ice. Absorbance at 500 nm was measured after the addition of 225 l water.
Glucoamylase-resistant molecule. To samples (20 l), 2 l neutralization solution and 44 l of 50 mM sodium acetate containing 5 U/ml glucoamylase were added and incubated at 40 C for 5 h and then boiled for 5 min. A 16-microlitter aliquot of this reaction mixture was diluted with 44 l water, 450 l glucose assay mixture was added and then left at 37 C for 20 min. The amount of glucose released by this reaction was measured by absorbance at 505 nm.
Reaction product. Samples were treated with glucoamylase and spotted on TLC plates. These plates were developed twice by solvent (1-butanol:ethanol: water = 5:5:3). A 3% sulfuric acid-methanol solution was sprayed on the TLC plates. The plates were burned at 140 C for 5 min, and then reaction products were detected.
Results and Discussion
Purification Amylase A was produced in E. coli strain JM109 harboring pArgUW and pDT921 at 37 C, but we found that amylase A aggregated and appeared in insoluble fraction. Therefore, gene expression was carried out at 26. 5 C or 30 C. Consequently, amylase A appeared in soluble extract rather than in insoluble fraction. Then these soluble extracts were heated at 75 C to remove thermo-labile proteins and purified on a Butyl-toyopearl column. 1.2 mg of electrophoretically pure protein was obtained from 400 ml culture (Fig. 1) .
Assay of transglycosylation reaction
The specific activity of amylase A for maltotriose to liberate glucose was 0.209 U/mg, much smaller than that of GTase using maltotriose as substrate. This may be caused by the difference in the specific activity of transglycosylation between amylase A and GTase. To specify the transglycosylation activity of amylase A, 3KB-G5CNP was used as a substrate. Amylase A was able to hydrolyze 3KB-G5CNP in the presence of Dglucose as acceptor, but in the absence of D-glucose, amylase A was not able to hydrolyze 3KB-G5CNP and the transglycosylation reaction mainly occurred as well as GTase ( Fig. 2A and B) .
12) It was found that amylase A was able to catalyze the transglycosylation reaction.
Activity on maltooligosaccharide
The transglycosylation activity of amylase A ranged from maltose to maltoheptaose when maltooligosaccharides from glucose to maltoheptaose were used as substrates, and the reaction products were analyzed by TLC. The result indicates that amylase A has not only hydrolysis activity on starch, but also transglycosylation activity on maltooligosaccharide (Fig. 3) . In addition, when maltopentaose, maltohexaose, or maltoheptaose was reacted for 4 h, a substance, which remains at the origin, appeared. When substrates were reacted for 18 h, the spots, which remained at the origin, were thinner than those reacted for 4 h. This result suggests that, at the beginning of the reaction of amylase A on maltopentaose, maltohexaose, and maltoheptaose, -1,4 glucan or cycloamylose is produced, and then a part of them is hydrolyzed. When the product of these reactions was treated with -amylase or glucoamylase, the product was hydrolyzed and the spot at the origin disappeared (Fig. 4) . Therefore, both amylase A and GTase produced -1,4 glucan, but they did not produce glucoamylase-resistant molecules.
Activity on AS-200
The blue value decreased rapidly when amylase A reacted with AS-200 (Fig. 5) . If simple hydrolysis of AS-200 occurred, the reducing power was expected to increase, but this was not observed (data not shown). We thought that amylase A could produce cycloamylose from AS-200 as well as GTase. 7) As a result of treatment of the reaction mixture with glucoamylase for 4 h, glucoamylase-resistant molecules were produced approximately 70% (Fig. 6) . The band was detected at the origin of the TLC plate when the reaction mixture after treatment of glucoamylase was analyzed on the plate (data not shown). These results suggest the possibility that amylase A produces cycloamylose from amylose. In conclusion, amylase A hydrolysed starch to a very small extent, but it was able to use maltooligosaccharides and long chain amylose as substrates with transglycosylation activity. Amylase A and GTase produced -1,4 glucan but not glucoamylase-resistant molecules from maltooligosaccharide, but they produced cycloamylose from long chain amylose. 
